After the discovery of graphene[@b1][@b2][@b3], significant effort has been applied to graphene oxide (GO), because GO is an important intermediate in the preparation of graphene, which has a wide range of applications[@b4]. GO can be visualized as sheets of graphene that are decorated with oxygen and/or oxygen-containing functional groups on both the basal planes and edges. The presence of oxygen makes GO amenable to chemical functionalization without significant disruption of the *sp*^2^ network of the graphene hexagonal lattice. Thermally reduced graphene oxide (rGO) is the most attractive method for the conversion of GO to graphene, because it is simple, reliable, high yield and low cost[@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12]. Carrying out the reduction process at a relatively high annealing temperature (≥200°C) reportedly restores rGO from GO[@b7][@b9][@b10]. However, this high-temperature process is unlikely to be compatible with the fabrication techniques used for most electronics, hence thermal reduction at a lower temperature (120--180°C) has been proposed. Although not effective in entirely reducing the residual oxygen and/or oxygen-containing functional groups in GO, low-temperature de-oxygenating processes are very useful for patterning the reduced graphene on glass or plastic substrates for electronic applications, as well as for synthesizing a wide range of functional hybrids that can be used in polymer composites, biosensors, energy storage and conversion technologies[@b13].

An earlier study reported the presence of various amounts of residual oxygen and/or oxygen-containing functional groups in rGO, the electrical conductivity of which reaches several orders of magnitude lower than that of mechanically exfoliated graphene[@b14]. Both rGO and GO have been shown theoretically to possess a band-gap that can be tuned over a large range of energies, suggesting that the functionalization of graphene by oxidation can alter its electronic properties[@b15][@b16]. Optical investigations have also found that GO exhibits a band-gap that can be tuned by varying the degree of oxidation or reduction and that reduction changes the intensity of various photoluminescence (PL) features[@b9][@b17]. Additionally, it has been suggested that rGO exhibits a mixture of *sp*^2^ and *sp*^3^ bonds that depends on the degree of reduction[@b18]; furthermore, the electrical transport behavior changes from insulator-hopping-like to semimetal-band-like as the number of localized π states increases[@b19]. Reduced graphene oxide exhibits the restoration of the C = C *sp*^2^ bond, as in the graphene hexagonal lattice, as a result of the removal of oxygen and/or oxygen-containing functional groups, thereby forming carbonaceous (CO~2~ and/or CO) species[@b9][@b10]; as a result, hole defects are etched within the graphene basal plane. To date, little is known about the persistence of the residual oxygen and/or oxygen-containing functional groups. Several questions, such as how generated defects modify the electronic structures or band dispersions close to the Fermi level (*E*~f~) or Dirac (***K***) point, as well as how these defects are related to the PL and electronic transport properties of rGO, remain to be answered[@b20].

This study investigates how various stages of low-temperature (120--180°C) reduction influence the electronic and bonding states in rGOs and GO, and how changes in these stages are closely correlated with the PL and electrical properties of these materials. C and O *K*-edge X-ray absorption near-edge structure (XANES), X-ray emission spectroscopy (XES) and resonant inelastic X-ray scattering (RIXS) spectroscopy were utilized extensively to elucidate various reduction processes. Changes in the PL and electrical sheet resistivity (R~s~) of rGOs and GO with various degrees of reduction are examined herein. Our results reveal the low-temperature evolution of the bonding states, the electronic structures and band dispersions near *E*~f~ or the ***K*** point, and the PL and R~s~ of the rGOs and GO.

Results and Discussion
======================

[Figures 1(a)--(c)](#f1){ref-type="fig"} and their insets present scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images of the as-synthesized GO and rGOs formed at 150°C\@3 h and 180°C\@24 h, respectively. The surface morphology of GO is noodle-like, while that of the rGOs is wrinkle-like. Raman spectroscopy, a well-known non-destructive method for determining the quality of graphene, yields two features, namely, the G-band and the D-band. However, the two main Raman features in the spectra of the GO and rGOs in [Figure 1(d)](#f1){ref-type="fig"}, which was recorded following various reduction processes, are as follows: the G-band at approximately 1587 cm^−1^ is attributed to the *E*~2g~ phonon of *sp*^2^ states, and the D-band at approximately 1327 cm^−1^ is attributed to the *A*~1g~ symmetry and indicates disorder in the graphene lattice that is caused by the defects in the form of vacancies and grain boundaries[@b21][@b22][@b23].

The ratio (I~D~/I~G~) of the intensity of the D-band to that of the G-band of the GO (which reveals the *sp*^2^*/sp*^3^ ratio) does not differ significantly from that of the rGOs. The near equality of these I~D~*/*I~G~ ratios may be related to the structural distortion/defects, surface rippling and wrinkle-structures that are seen in the SEM images in [Figures 1(a)--(c)](#f1){ref-type="fig"}; these features are formed in the graphene lattice by the restoration of C *sp*^2^ bonds and by de-oxidation upon hydrothermal treatment, such that the intensity ratio of (I~D~/I~G~) is intact[@b24] and insensitive to thermal reduction. Mattevi *et al*.[@b9] also observed no significant variation of the I~D~/I~G~ ratio of annealed rGOs with annealing temperatures up to 1000°C, even though different oxygen-containing functional groups were removed from the GO.

In contrast to the Raman spectra results, the evolution of the PL spectra of these samples shows a significant change following the conversion of GO to rGOs with various hydrothermal reductions, as shown in [Figure 1(e)](#f1){ref-type="fig"}. The PL spectra of GO and the weakly reduced rGOs (120°C\@3 h and 150°C\@3 h) show asymmetric broad lineshapes, ranging from 400 to 800 nm. In contrast, the strongly reduced rGOs (180°C\@3 h and 180°C\@24 h) predominantly exhibit one main feature that is centered at approximately 453 nm. The result is consistent with the mechanism proposed by Chien *et al.*[@b23], which was developed to explain the evolution of PL spectra from the original yellow-red color in the as-synthesized GO solution to blue in the rGO solution, following the application of the photothermal reduction technique. The original GO consists of a significant number of disorder-induced defect states within the π−π\* gap and exhibits a predominant broad PL spectrum centered at longer wavelengths. After deoxygenation, the number of disorder-induced states within the π−π\* gap decreases, and an increased number of small *sp*^2^ clusters in the rGO result in blue luminescence. This transition occurs because the hydrothermal method is a relatively strong reduction process compared to the photothermal reduction method. Thus, no gradual transition from GO to rGO is observed in the hydrothermal reduction process, as compared to those observed in the milder photothermal reduction precess[@b23].

Notably, the X-ray excited optical photoluminescence (XEOL) that was observed in earlier studies by the authors also demonstrated that the PL behavior was closely related to the number of *sp*^2^ clusters and the density of states (DOSs) within the π and π\* gap in N-doped graphene nanoflakes (GNFs:N)[@b25]. [Figure 1(f)](#f1){ref-type="fig"} plots R~s~ following various reduction steps. Clearly, R~s~ decreases gradually from its maximum value of approximately 4.5 × 10^6^ Ω/cm^2^ (GO) to its minimum value of approximately 1 × 10^5^ Ω/cm^2^ (for the most heavily reduced rGO 180°C\@24 h). The decrease of the R~s~ of GO/rGOs with increasing thermal reduction temperature and duration supports the fact that the process of reduction is carried out by the removal of oxygen and/or oxygen-containing functional groups and is based on the restoration of the C = C *sp*^2^ bonds in the graphene hexagonal lattice, as mentioned above, which also improves the electrical conductivity of the rGOs.

Although the most heavily reduced rGO (180°C\@24 h) has a relatively high value of R~s~, the low-temperature reduction processes that are applied herein cannot remove all residual oxygen and/or oxygen-containing functional groups, so *sp*^3^ bonds and defects still form in the graphene basal plane[@b9][@b10]. These *sp*^3^ bonds and defects can disrupt the transport of charge carriers through graphene *sp*^2^ networks and/or discontinuities between the *sp*^2^ domains, reducing electron mobility and the electrical conductivity of rGOs. Accordingly, electron transport in rGOs may occur by hopping rather than near ballistic transport, as in the case of mechanically exfoliated graphene[@b26][@b27]. This phenomenon further explains why the electrical conductivity of GO/rGOs is several orders of magnitude lower than that of mechanically exfoliated graphene[@b14].

[Figure 2](#f2){ref-type="fig"} displays the normalized C *K*-edge XANES spectra of the rGOs, GO and the reference HOPG. The C *K*-edge XANES spectra in the figures have been divided by the incident intensity *I*~0~ and then normalized to have the same area in the energy range from 296--298 eV, following the application of the standard procedure for background subtraction. The features **C~1~** and **C~5~** at approximately 285.5 and 292 eV in the C *K*-edge XANES spectra of HOPG are attributed to the C 1*s* → π\* and 1*s* → σ\* transitions, respectively. The π\*-feature (**C~1~**) is typical of the out-of plane C = C or graphitic *sp*^2^ bond, while the in-plane σ\*-feature (**C~5~**) is typical of the C-C bond[@b25][@b28]. In contrast, a similar line-shape and position of the HOPG can be seen relative to those of the σ\*-feature (**C~5~**) in the GO and rGOs, whereas the π\*-feature (C~1~) is shifted 0.4 eV below and 0.1 eV above the GO and rGOs, respectively, relative to that of HOPG, as indicated by the dashed line in [Figure 2](#f2){ref-type="fig"}. The lower energy of the π\*-feature (**C~1~**) in the GO spectrum relative to that of the rGOs can be attributed either to the high degree of structural rearrangement of the aromatic ring that is decorated with the oxygen-containing functional groups[@b14] or to the effect of edge/defect states[@b29].

Additionally, both the rGOs and GO have σ\*-features (**C~5~**) that are of almost equal intensity, while the intensity of the π\*-feature (**C~1~**) of the rGOs not only is significantly greater than that of GO but also gradually increases with the thermal temperature and duration, indicating an increase in the restoration of C = C or *sp*^2^-bonding with the degree of reduction steps. The **C~2~**--**C~4~** wide-features in the range from 286--289 eV are also observed between the π\* and σ\* features, as shown in [Figure 2](#f2){ref-type="fig"}. Although the assignment of these features to specific states has been controversial[@b30], they are typically attributed to carbon that is bound to oxygen and hydrogen, and specifically to π\*(C-OH) at approximately 286.6 eV, to π\*(C-O-C) at approximately 287.9 eV and to π\*(C = O) in the -COOH bond at approximately 288.7 eV[@b25][@b29][@b31]. The intensities of the **C~2~--C~4~** features of the rGOs differ significantly from those of GO, and the intensities of the **C~2~** and **C~3~**(feature **C~4~**) features of the rGOs are significantly greater (less) than those of GO.

The lower panel presents the difference spectra of the rGOs and GO, indicating that the conversion of GO to rGOs increases the number of π\*(C-OH) (**C~2~**) and π\*(C-O-C) (**C~3~**) bonds but reduces the number of the formation of π\*(C = O) (**C~4~**) bonds in -COOH. More careful examination of the C *K*-edge XANES spectra of the rGOs demonstrates that despite the variation in the degree of reduction of rGOs (ranging from weak for 120°C\@3 h and 150°C\@3 h to heavy reduction for 180°C\@3 h and 180°C\@24 h) with varying temperature and duration, the C = C or *sp*^2^-bonds are restored and the number of π\*(C-OH) bonds increases slightly with the number of reduction steps. In contrast, the features of π\*(C-O-C) and the π\*(C = O) bond in -COOH remain almost unchanged with the further reduction of the rGOs. These results suggest that C = C *sp*^2^- and π\*(C-OH) bonds depend more strongly on the reduction temperature and duration than the π\*(C-O-C) and π\*(C = O) bonds in -COOH. At low temperatures (120-180°C), the reduction process does not always lead to the complete desorption of oxygen and/or oxygen-containing functional groups in thermal annealing. This observation has been presented in previous studies of the thermal reduction of GO by similar means; these studies also revealed the removal of oxygen and hydroxyl groups with the evolution of carbonaceous species[@b9][@b10].

[Figures 3(a) and 3(b)](#f3){ref-type="fig"} present the C and O *K*-edge XANES and *K*~α~ XES spectra of rGOs, GO and reference HOPG, respectively. The π and σ bands in the C (O) *K*-edge XES spectra are observed at 278--284 eV (526--528 eV) and 270--278 eV (522--526 eV)[@b25][@b31][@b32][@b33], respectively, as shown in [Figure 3(a)](#f3){ref-type="fig"} \[[Fig. 3(b)](#f3){ref-type="fig"}\], with an incident photon energy of 310 eV (560 V). The general line-shapes in the C (O) *K*~α~ XES spectra in [Figure 3(a)](#f3){ref-type="fig"} \[[Fig. 3(b)](#f3){ref-type="fig"}\] are similar for the rGOs and GO. All spectra exhibit a broad feature, which is associated with the σ state and centered at approximately 276.7 eV (522.5 eV), as well as a high-energy shoulder, which is associated with the π state and centered close to 281.5 eV (526.5 eV). Both leading edges of the C *K*-edge XANES and the corresponding *K*~α~ XES spectra were extrapolated to the baseline to determine the conduction-band-minimum (*E*~CBM~) and valence-band-maximum (*E*~VBM~)[@b25][@b31][@b34], respectively, as well as the energy of the band-gap.

The two extrapolated lines in the C *K*-edge XANES and *K*~α~ XES spectra in [Figure 3(a)](#f3){ref-type="fig"} intersect each other, which is similar to that of metallic HOPG, indicating that rGOs and GO have no band-gap with a lower density of state crossing the Fermi level throughout. However, in contrast, as presented in [Figure 3(b)](#f3){ref-type="fig"}, the energy separation between the O π\* and the π state of the rGOs and GO, derived from the leading edges of the O *K*-edge XANES and *K*~α~ XES spectra, is approximately 1.1 eV. Pristine graphene has a zero band-gap, as does a semimetal, meaning that the highest occupied (*E*~VBM~) and lowest unoccupied (*E*~CBM~) states coincide at the ***K*** point, which was at approximately 284.7 eV in the C *K*-edge XANES and *K*~α~ XES spectra of the graphene[@b33]. The dispersions of the two corresponding energy bands of graphene are essentially linear close to the ***K*** point[@b35][@b36], unlike those of conventional semiconductors, which are parabolic dispersions near *E*~VBM~ and the *E*~CBM~.

Combining the results in [Figures 3(a) and 3(b)](#f3){ref-type="fig"} suggests that C atoms, rather than O atoms, contribute most to the local DOSs of the C 2*p*-derived states close to the *E*~CBM~ and *E*~VBM~ of rGOs and GO, and specifically to the π\* and π orbitals close to the ***K*** point. The C *K*-edge XANES and *K*~α~ XES spectra reveal no band-gap in the rGOs and GO, similar to metallic HOPG, regardless of the fact that the R~s~ values of rGOs and GO are higher, on the order of 10^5^--10^6^ Ω/cm^2^, as shown in [Figure 1(f)](#f1){ref-type="fig"}, suggesting that the R~s~ values of rGOs and GO are significantly affected by residual oxygen and/or the fraction of oxygen-containing functional groups through the disruption of the C = C network. According to the C *K*-edge XANES in [Figure 2](#f2){ref-type="fig"}, the GO clearly has a smaller (larger) fraction of C = C *sp*^2^-bonds (associated with the oxygen-containing functional group, C = O bonds in COOH-bond that terminates the edge and/or basal plane of graphene) than reduced the rGOs, as addressed above, and hence has a higher R~s~ value. Introducing O atoms can disrupt the C = C π network, causing a weak perturbation of the linear π orbitals close to the ***K*** point, which reduces the connectivity of the C π electron network in the graphene plane. Nevertheless, based on the C *K*-edge XANES and *K*~α~ XES spectra, the perturbation that is caused by oxygen or oxygen-containing functional groups apparently does not generate the band-gap near the ***K*** point in the rGOs or GO. In contrast, previous studies have reported that GO contains *sp*^3^ carbon atoms that are saturated with oxygen, forming local carbon-oxygen bonds, which open a small band-gap[@b37][@b38][@b39].

As stated above, various thermal reductions significantly change PL behaviors during the conversion of GO to rGOs, as presented in [Figure 1(e)](#f1){ref-type="fig"}. The significant effect of reduction on PL emission is associated with induced changes in the electronic structures and local DOSs within the π and π\* gap, indicating that the O atoms play an important role in changing the PL features, similar to the N atoms in GNFs:N[@b25]. The variation of the PL emission of rGOs and GO can result in the incorporation of oxygen into C sites, forming carbon-oxygen bonds and oxygen-containing functional groups in the graphene lattice, where these sites may act as energy traps. Because the bonding of many O atoms and oxygen-containing functional groups to graphene in GO and the weak reduction of rGOs lead to the transfer of resonance energy from the O to the C *sp*^2^ clusters in the graphene lattice, the radiative recombination rate is increased, yielding broad emission features in the PL spectra in [Figure 1(e)](#f1){ref-type="fig"}. As the temperature and duration of thermal reduction are increased, oxygen-containing functional groups are gradually removed, reducing the transfer of resonance energy from the O sites to the *sp*^2^ clusters in the graphene lattice. Consequently, the rate of radiative recombination is reduced, narrowing the PL emission and the main feature at approximately 453 nm, which presents with a weak shoulder at 510 nm.

The above arguments are principally based on a study of the enhancement of the broad luminescence emission from 400 to 800 nm in the PL spectra, which is caused by the CO-related electronic states in the oxygen plasma-treated mechanically exfoliated graphene[@b40]. However, the C *K*-edge XANES spectra show that the low-temperature (120--180°C) reduction process by which the rGOs are formed does not always remove all of the oxygen and oxygen-containing functional groups from the GO but that the process can increase the number of π\*(C-OH) and π\*(C-O-C) bonds upon the rearrangement of oxygen and oxygen-containing functional groups with carbon; this consequence may also play a role in enhancing the transfer of resonance energy from O sites to the *sp*^2^ clusters in the graphene lattice, which results in broad PL emission. Alternatively, the change in the PL features from the GO to the weakly reduced rGOs to the heavily reduced rGOs, as presented in [Figure 1(e)](#f1){ref-type="fig"}, can be caused by the optical transitions that involve a significant number of oxygen-induced localized states in the band tail of the π-π\* gap, thereby confirming the reduction of oxygen-containing functional groups in the rGOs that have undergone various degrees of reduction, according to the C *K~α~* RIXS spectra. This observation further demonstrates the decrease in the number of local DOSs from GO through the weakly reduced rGOs to the heavily reduced rGOs. Specifically, the valence DOSs of the rGOs in the π region and/or in the gap between π and π\* are lower than that of GO.

[Figure 4(a)](#f4){ref-type="fig"} displays the C *K*~α~ RIXS spectra of the GO, rGOs and HOPG, obtained by excitation at the photon energies of **C~1~--C~4~** in [Figure 2](#f2){ref-type="fig"}, which correspond specifically to the excitations of C = C (285.5 eV), C-OH (286.6 eV), C-O-C (287.9 eV) and C = O, respectively, in the -COOH (288.7 eV) bonds. For comparison, the C *K*~α~ XES spectra of the GO, rGOs and HOPG collected with an incident photon energy (*hv*) of 310.5 eV are also presented for the incoherent fraction as a sum over the valence band contribution. All of the emission spectra in [Figure 4(a)](#f4){ref-type="fig"} were acquired within the same period and were normalized to unity for the maximum inelastic emission peak in each spectrum. According to RIXS theory, total energy and momentum must be conserved in resonant inelastic scattering during absorption-emission processes. The *hv*-dependent emission features obtained from HOPG result from a transition at a well-orientated crystal momentum[@b41][@b42].

These dispersive features between the σ and π orbitals and their lineshapes generally vary distinctly from each other. In principle, the π emission is caused by transitions from *p*~z~ states that are oriented perpendicular to the graphene plane. Emission from the σ bands is significantly more isotropic, because these bands are derived in part from the *p*~x~ and *p*~y~ states that reside parallel to the surface. Apparently, the C *K*~α~ XES spectra of the rGOs, GO and HOPG that were obtained at an excitation energy of *hv* = 310.5 eV exhibit similar line-shapes, whereas the π-feature of the C *K*~α~ RIXS spectra of the rGOs/GO change with incident photon energies from **C~1~** to **C~4~**, as presented in [Figure 4(a)](#f4){ref-type="fig"}, in a very different way from those of HOPG, because the excitation energies at the different absorption edges of carbons that are bonded to oxygen and/or oxygen-containing functional groups generate more resonant π-features in the rGOs/GO than in HOPG. The regions of the π states and/or the π-π\* gap provide direct evidence that the emission spectral intensities of rGOs/GO are larger than that of HOPG for all of the considered excitation energies, **C~1~**--**C~4~**, revealing that the incorporation of oxygen and/or oxygen-containing functional groups into the graphene lattice increases the number of oxygen and/or oxygen-containing functional group-induced states above that in HOPG; the DOSs in the π-region and/or in the gap between π and π\* are increased, as well.

Importantly, the spectra in [Figure 4(a)](#f4){ref-type="fig"} further show that the spectral intensities of GO and the weakly reduced rGOs (120°C\@3 h and 150°C\@3 h) exceed those of the heavily reduced of rGOs (180°C\@3 h and 180°C\@24 h) for excitation energies *hv* of 287.9 eV (**C~3~**), 288.7 eV(**C~4~**) and 310.5 eV.

The upper inset in [Figure 4(a)](#f4){ref-type="fig"} magnifies the feature in the π region and was obtained at an excitation energy of 287.9 eV, clearly verifying that upon thermalization, the de-oxidation of GO reduces the proportion of induced states that are formed by the oxygen and/or oxygen-containing functional groups. In particular, the valence DOSs in the π region and/or in the gap between π and π\* significantly decreases from GO through the weakly reduced rGOs to the heavily reduced rGOs. Based on excitation at the absorption edges (C~1~ - C~4~), the RIXS spectra reflect the coherent scattering of the carbon site and its corresponding oxygen functional groups, showing the similar band structure profiles of each, although at the *off*-absorption position (*hv* = 287.9 eV); furthermore, the up-increase in the π region is understood based on the reduction of the coherent contribution with the enhancement of the oxygen-induced interference.

With respect to the pristine graphene network, the rest of the oxygen bonds in the rGOs act as perturbing or interacting sites, significantly enhancing photon-electron scattering. This result consistently elucidates the variation of the PL behaviors shown in [Figure 1(e)](#f1){ref-type="fig"} and the number of oxygen- and/or oxygen-containing group-induced localized states within the π-π\* gap, which is likely the higher electron-hole recombination rate for PL phenomena. Notably, at an excitation energy of *hν* = 285.5 eV (**C~1~**) or 286.6 eV (**C~2~**), as shown in [Figure 4(a)](#f4){ref-type="fig"}, the line-shapes and intensities of the π-state do not differ significantly between the GO/weakly reduced rGOs and the heavily reduced rGOs, although the excitation energy at the absorption edges \[energies **C~1~** and **C~2~** in [Fig. 2(a)](#f2){ref-type="fig"}\] of C = C and the oxygen-containing functional group C-OH vary significantly, possibly because the emission feature occurs at an energy close to that of the prominent elastic peaks, entangling the induced states[@b33]. Therefore, the intensity of the feature associated with the oxygen- and/or oxygen-containing group-induced DOSs in the C *K*~α~ RIXS spectra of GO do not differ significantly from those of the rGOs that have undergone various thermal reduction processes.

[Figures 4(b) and 4(c)](#f4){ref-type="fig"} plot the two-dimensional (2d) C *K~α~* RIXS maps as functions of both emission and excitation energies for the most heavily reduced rGO (180°C\@24 h) and HOPG, respectively. The color profile reveals the dispersive π and σ bands in terms of emission intensity and with excited series from 284 to 295 eV. The features in the lower right-hand corner of the figure are known to be due to the elastic peaks. The 2d-RIXS spectra in [Figure 4(b)](#f4){ref-type="fig"} clearly reveal that the band dispersion of the π and σ features is essentially linear near the ***K*** point based on the use of a selective excitation energy with the wave vectors in rGO (180°C\@24 h); these spectra also differ from the parabolic-like dispersion at values greater than excitations of 285 eV in HOPG \[[Fig. 4(c)](#f4){ref-type="fig"}\]. This result indicates a difference between the band dispersions of the π and σ orbitals of rGO and those of HOPG, which is likely due to the presence of either a single or a few layers of graphene sheets and the oxygen-mediated influence in the rGO (180°C\@24 h). It is shown above that the C *K*-edge XANES and *K~α~* XES spectra of GO and rGO overlap, indicating metallic behavior, similar to HOPG. This may be due to the formation of a graphene domain or clusters in some area within the GO and rGO matrix that consequently exhibits metallic behavior. Again, the O *K*-edge XANES and *K~α~* XES spectra do not overlap and show only a small energy separation. This observation could be due to the formation of C = O and/or C-OH bonds and is responsible for the photoluminescence behavior. Importantly, the 2d-RIXS of rGO (180°C\@24 h) further demonstrates that although oxygen and/or oxygen-containing functional groups are incorporated into the graphene lattice, thereby disrupting the C = C π network and causing a weak perturbation, the linear-like band dispersion of π and σ near the ***K*** point remains like that of graphene, suggesting that the electronic properties in rGOs can be tailored through functionalization by reducing the oxygen from GO.

In summary, the various PL emission and electrical transport phenomena observed in GO and rGOs are closely related to the electronic structures and bonding states of these materials, which are determined by the incorporation of oxygen and/or oxygen-containing functional groups into the graphene lattice. Various reduction processes remove some oxygen-containing functional groups in the graphene lattice, significantly reducing or eliminating the intensity of the PL features and also decreasing the number of valence DOSs in the π region and/or in the gap between π and π\* from the GO or the weakly reduced rGOs to the heavily reduced rGOs obtained from the XANES/XES results. Further C *K~α~* 2d-RIXS mapping of the rGO confirms that the residual oxygen and/or oxygen-containing functional groups modify the π and σ features, in a manner that varies from that of HOPG. This study finds that the characteristics of PL emission and the electrical properties of GO/rGOs can be tailored through functionalization by the reduction of oxygen, rendering GO/rGOs attractive for use in novel optoelectronic devices.

Methods
=======

Preparation of GO and rGOs
--------------------------

GO was synthesized by the oxidation of graphite using a modification of Hummers\' method[@b4]. Using de-ionized water, purified GO was diluted to the concentration required for further use. Twenty milliliters of GO-solution with a concentration of 1 mg/ml were transferred to a Teflon-lined autoclave. The pH of the solution was adjusted to 6.5 by the addition of 0.01 M sulfuric acid. Hydrothermal treatments were conducted at various annealing temperatures (120--180°C) and durations (3--24 hrs). The rGOs obtained, with the functional group of GO deactivated[@b43], are denoted as 120°C\@3 h, 150°C\@3 h, 180°C\@3 h and 180°C\@24 h. The chemically modified rGOs were washed using de-ionized water for purification. To fabricate the samples for lateral analysis, all purified rGOs were deposited on Si substrates by drop casting at 100°C.

Characterizations
-----------------

XANES, XES and RIXS measurements were performed at undulator beamlines 7.0.1 and 8.0.1 at the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. The C and O *K*-edge XANES spectra of the rGOs and GO were recorded in the total electron yield mode at room temperature. The energy resolution of the absorption spectra was set to 0.1 eV. The energy resolution of the XES and RIXS spectra was set to approximately 0.35 eV. The absorption and emission spectra were calibrated using highly ordered pyrolytic graphite (HOPG).
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![SEM images of (a) the as-synthesized GO, (b) the rGO formed at 150°C\@3 hr, and (c) the rGO formed at 180°C\@24 hr. The insets show the respective TEM images. (d) The Raman spectra were obtained at an excitation wavelength of 633 nm. (e) The normalized photoluminescence spectra of the GO and rGOs reduced at different temperatures for different periods, and (f) the sheet resistances of the GO and rGOs reduced at different temperatures for different periods.](srep04525-f1){#f1}

![XANES spectra of the GO and rGOs at the C *K*-edge.\
The bottom panels show the difference between the rGOs and GO.](srep04525-f2){#f2}

![(a) The normalized C *K*-edge XANES and *K*~α~ XES spectra of the GO, rGOs and HOPG. (b) The normalized O *K*-edge XANES and *K*~α~ XES spectra of the GO and rGOs.](srep04525-f3){#f3}

![(a) The normalized C *K*~α~ RIXS spectra of the GO, rGOs and HOPG obtained by excitation at photon energies of 285.5 eV (**C~1~**), 286.6 eV (**C~2~**), 287.9 eV (**C~3~**), 288.7 eV (**C~4~**) and 310.5 eV. Notably, the resonance features in the lower right-hand corner are the elastic peaks. (b) 2d-RIXS mapping of rGO (180°C\@24 h) and (c) HOPG as functions of both the excitation and emission energies.](srep04525-f4){#f4}
